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Abstract. The heart originates from splanchnic meso- 
derm and to a lesser extent from neural crest cells. The 
HNK-1 monoclonal antibody is a marker for early mi- 
grating neural crest cells, but reacts also with structures 
which are not derived from the neural crest. We investi- 
gated whether heart structures are HNK-1 positive be- 
fore neural crest cells colonize these target issues. To that 
end, we determined the HNK-1 antigen expression i the 
developing avian heart on immunohistochemical sec- 
tions and on Western blots. The HNK-1 immunoreactiv- 
ity in the developing chick heart is compared with data 
from literature on the localization of neural crest cells in 
chick/quail chimeras. Structures with neural crest contri- 
bution, including parts of the early outflow tract and the 
related endocardial cushions, the primordia of the 
semilunar valve leaflets and the aorticopulmonary sep- 
turn were HNK-1 positive. Furthermore, other structures 
were HNK-1 positive, such as the atrioventricular cush- 
ions, the wall of the sinus venosus at stage HH 15 
through 21, parts of the endocardium atE3, parts of the 
myocardium at E6, and the extracellular matrix in the 
myocardial base of the semilunar valves at El4. HNK-1 
expression was particularly observed in morphologically 
dynamic regions uch as the developing valves, the out- 
flow tract cushion, the developing conduction system and 
the autonomic nervous ystem of the heart. We observed 
that atrioventricular endocardial cushions are HNK-1 
positive. We conclude that: a HNK-1 immunoreactivity 
does not always coincide with the presence of neural crest 
cells or their derivatives; (2) the outflow tract cushions 
and atrioventricular endocardial cushions are HNK-1 
positive before neural crest cells are expected (stage 
HH 19) to enter the endocardial cushions of the outflow 
tract; (3) the observed spatio-temporal HNK-1 patterns 
observed in the developing heart correspond with vari- 
ous HNK-1 antigens. Apart from a constant pattern of 
HNK-1 antigens during development, stage-dependent 
HNK-1 antigens were also found. 
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Introduction 
The heart is one of the first functioning organs in verte- 
brate embryos. It develops from two plates of splanchnic 
mesoderm, which fuse to form a single tubular structure, 
composed of endocardium surrounded by myocardium 
separated by the cardiac jelly (for review see de Ruiter 
et al. 1992). 
The tubular structure develops into a multi-cham- 
bered, specialized organ. This development is initiated 
by a regionally specific transformation f the endocar- 
dial cells into migrating, and proliferating mesenchymal 
cells (reviewed in Markwald et al. 1990). These mesen- 
chymal cells colonize the cardiac jelly in the outflow 
tract and at the atrioventricular junction to form both 
the outflow tract and atrioventricular endocardial cush- 
ions (Markwald et al. 1977). These transient endocardial 
cushions are involved in the formation of the connective 
tissue of the interventricular septum, the semilunar and 
atrioventricular valves of the heart. Although the heart 
tissue originates mainly from mesoderm, the neuroecto- 
derm is also involved. The neural crest, a transient struc- 
ture which arises on the dorsal margin of the neural 
folds during neurulation, provides these neuroectoder- 
mal cells (Kirby et al. 1983, 1989; Phillips et al. 1987; 
Noden 1991). Neural crest cells from the region between 
the mid-otic placode and the caudal imit of somite 3 
migrate into the pharyngeal rches 3, 4, and 6, where 
they provide a mesenchymal matrix around the aortic 
arch arteries (LeLi~vre and LeDouarin 1975). Neural 
crest cells migrate first of all and essentially into the 
wall of the aortic sac. After having contributed to the 
formation of the aorticopulmonary septum, some of 
them reach the outflow tract (c0notruncus). They con- 
tribute also to the parasympathetic postganglionic neu- 
rons and supportive cells of the cardiac ganglia. Al- 
though the contribution of cardiac neural crest cells in 
the total number of cardiac cells is small, the ablation 
of the cardiac neural crest results in severe structural 
abnormalities of the outflow tract and the aortic arch 
arteries, resembling certain anomalies seen in human pa- 
tients (Kirby and Waldo 1990). 
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With regard to the origin of  the cardiac conducting 
system, two possibilities are described in the literature. 
The majority of  investigators propose the myocard ium 
as the origin for the conducting system (Wenink 1976; 
Marino et al. 1979; Viragh and Challice 1983; Davies 
etal.  1983; Wenink and Gittenberger-de Groot  1985; 
Argiiello et al. 1988), while some propose a neural crest 
origin (Gorza et al. 1988). 
The homing or migration of  the neural crest cells 
has been studied by different experimental manipula- 
tions: perturbation with the monoclonal  ant ibody 
HNK-1 (Bronner-Fraser 1987), transplantations of quail 
tissue into chick hosts (LeDouar in 1982), ablation 
(Bockman et al. 1987; Kirby and Waldo 1990), or ad- 
ministration of  teratogens (Sulik et al. 1988). Experi- 
mental manipulations of  the cardiac neural crest using 
these techniques can result in cardiac anomalies. For 
example, ablation of  the cardiac neural crest results in 
outf low tract anomalies, with persistent truncus arterio- 
sus as the most severe form (Bockman et al. 1987; Kirby 
and Waldo 1990). 
Premigratory and migrating neural crest cells can be 
visualized by the monoclonal  ant ibody HNK-1.  Al- 
though other structures, e.g. the notochord (Canning 
and Stern 1988), are also HNK- I  positive, it is accepted 
that the HNK-1 antibody can be used as a marker for 
chick neural crest cells (Vincent et al. 1983; Tucker et al. 
1984, 1986). It has to be kept in mind that the HNK-1 
epitope has been found on a large populat ion of  mole- 
cules involved in cell adhesion, substrate adhesion and 
extracellular matrix interactions (Kruse et aI. 1984; Fa- 
issner 1987; Pesheva et al. 1987; Hof fman and Edelman 
1987). It has been suggested that the HNK-1 epitope 
itself is involved in cell-cell or cell-matrix adhesion (Keil- 
hauer et al. 1985; Bronner-Fraser 1987; Ki inemund et al. 
1988). 
Previously we have reported that mesenchymal cells 
in the hindgut express specific HNK- I  antigens before 
neural crest cells colonize this tissue. We observed that 
this expression correlates with the neural crest cell colo- 
nization of  the gut (Luider et al. 1992). In the present 
study we describe the expression of  HNK- I  antigens 
in the developing heart, and investigate whether HNK-1 
antigens are already present on the sites where cardiac 
neural crest cells are expected to colonize the heart. For 
this purpose we determined the HNK-1  expression, both 
on tissue sections and on immunoblots of  the developing 
heart before and after neural crest cell homing. We com- 
pared the localization of  HNK-1 expression with the 
presence of  neural crest cells as described in chimera 
experiments with quail neural crest cells (Kirby 1989; 
Sumida et al. 1989; Noden 1991). 
Materials and methods 
Embryos. Fertilized eggs of Gallus gallus domesticus were obtained 
from a local supplier and incubated in a forced-draught incubator 
at 37~ and 80% humidity. Embryos were staged according to 
Hamburger and Hamilton (1951). This notation was used until 
stage HH 21, which is equivalent to day 3 to day 4 of development. 
In older incubation stages the E notation was used (day of develop- 
ment). Each E number covers a number of HH stages, i.e. E2= 
stage HH 12-15; E3 =stage HH 16-20; E4= stage HH 21-23; E5 = 
stage HH 24-26; E6 = stage HH 27-28 ;E8 = stage HH 31-33 ;E9 = 
stage HH 34-35; El0 = stage HH 36; E14 = stage HH 40. 
Hybridoma cell culture. The HNK-1 hybridoma was purchased 
from the American Tissue Type Culture Collection (TIB200) (Abo 
and Balch 1981). Cells were grown in RPM[ medium (Life Techno- 
logies, Breda, the Netherlands) supplemented with 10% fetal calf 
serum (Sanbio, Uden, the Netherlands), penicillin 75 mg/ml, strep- 
tomycin 125 mg/ml and glutamine 292 mg/ml (Life Technologies, 
Breda, the Netherlands). Conditioned media were harvested after 
3 days of culture and spun at 1000 rev/min for 10 min. Pellets 
were discarded and the supernatants stored at -20 ~ C. The MIB4 
monoclonal antibody, specific for tenascin (Chiquet and Fam- 
brough 1984) was obtained from the Developmental Studies Hybri- 
doma Bank, Iowa. 
Immunohistochemistry. Serial sections were prepared from whole 
chick embryos at the stages HH15, HH17, HH19, HH21, E3, E4, 
and E6. Dissected hearts were used to study the developmental 
stages E5, E6, E8, E9, El0, and E14. 
Tissues were fixed by immersion in 4% paraformaIdehyde/PBS 
overnight. After dehydration, heart tissue was embedded in paraf- 
fin, cut in transverse or sagittal sections, and rehydrated. Sections 
were incubated in 1% H2Oz/methanol to inhibit endogenous per- 
oxidades. Both incubation with the HNK-I antibody (undiluted) 
and the secondary antibody rabbit-anti-mouse immunoglobulin 
conjugated with peroxidase (Dako, Denmark), 100 times diluted, 
were performed for 1 h at room temperature. The tissue sections 
were stained with 1 mg 3,3-diaminobenzidine and 100 gl 3.3% 
H202 in 5 ml PBS/0.1% Tween 20 for 5 min at room temperature, 
and counterstained with haematoxylin (Mayer). Finally, the sec- 
tions were photographed on Ektachrome 50 film with a Leitz mi- 
croscope (Orthoplane). 
Homogenization of tissues for protein analysis. Hearts from different 
developmental stages (E2; E4; E6; ES; El0; E12; E14) were pooled 
in 1 ml 1% Triton X-I14/PBS, containing the following protease 
inhibitors : 1 mM PMSF (Sigma) 2 gg/ml aprotinin (Sigma), 0.7 gg/ 
ml pepstatin (Sigma), 0.7 gg/ml 2,3 dehydro-2-deoxy-N-acetyl-neu- 
raminic acid (Sigma). The collected hearts were homogenized in
a glass tube with a teflon pestle. Subsequently the homogenate 
was sonicated in a MSE 100 Watt ultrasonic disintegrator for 
1 min, amplitude 6-8 gm, and centrifuged for 2 min in an Eppen- 
dorf centrifuge. Protein content of pooled hearts was determined 
(BCA, Pierce): E2 (0.63mg, n=60); E4 (1.1 rag, n=29); E6 
(5.Stag, n=19); E8 (6.1 mg, n=16); El0 (6.7mg, n=8); E12 
(14.0mg, n=8), and E14 (17mg, n=5). The supernatant was 
stored at -20 ~ C. 
Homogenization of tissues for plasma membrane analysis. Hearts 
at stage E6 (n=29), and E9 (n=19) were pooled in TSE buffer 
(10 mM TRIS/HC1, pH 8.0, 0.25 M sucrose, 1 mM EDTA) at 4 ~ C. 
Plasma membranes were obtained according to a modification of 
the protocol of Maeda and coworkers (1983). In brief, tissues were 
collected in TSE buffer at 4 ~ C and homogenized in an Omni Mixer 
Homogenizer (Connecticut, USA) on ice for i rain (level 10). The 
suspension was centrifuged for 5 min at 2000 rev/min in an Heraeus 
centrifuge. The supernatant was layered on a solution containing 
41% sucrose, 10 mM TRIS/HC1 pH 8.0, 1 mM EDTA and centri- 
fuged in a Beckman ultracentrifuge for 1 h at 24000 rev/min in 
a SW28 rotor. The interphase containing the plasma membranes 
was collected and diluted with TSE buffer and centrifuged again 
for 1 h at 24000 rev/min in a SW28 rotor. The pellet was resus- 
pended in TSE buffer and stored at -70 ~ C. Protein content was 
determined from each sample (E6:0.3 mg/ml; E9:1.2 mg/ml). 
SDS Polyacrylamide-gel-electrophoresis. Protein samples were 
boiled in a buffer containing: 60 mM TRIS-HC1, pH 6.8, 10% 
glycerol, 2% SDS, 5% 2-mercaptoethanol and 0.001% bromo- 
phenol blue. After denaturation, 50 pg protein was eIectrophoresed 
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Fig. la-c.  HNK-1 expression in trans- 
verse sections of chick embryos of stages 
HHI5, 19, and 21. a Stage HH15: 
HNK-1 immunoreactivity is present in 
migrating neural crest cells (arrows). Ad- 
ditional HNK-I  immunoreactivity can 
be observed in the outer wall of the si- 
nus venosus (arrowheads). b Stage HH19: 
HNK-1 immunoreactivity can be ob- 
served in the endocardial cushions of 
both the atrioventricular canal and the 
outflow tract. The epicardial organ is 
also HNK-1 positive, e At stage HH21 
the HNK-l-positive neural crest cells have 
reached the heart. HNK-1 immunoreac- 
tivity is present in the myocardium and 
in the endocardial cushions, a, Atrium; 
ao, aorta; cv, cardinal vein; e, epicardial 
organ; ec, endocardial cushion; g, gut; 
l, lung; m, myocardium; n, neural tube; 
no and double arrowhead, notochord; o, 
outflow tract; p, pericardial cavity; s, 
spinal ganglion; sv, sinus venosus 
on 7.5% SDS polyacrylamide g ls (SDS/PAA), prepared according 
to the description of the manufacturer (Biorad, Veenendaal, the 
Netherlands). High-molecular-weight protein standards were ob- 
tained from Life Technologies (Breda, the Netherlands). 
Proteins were transferred from the SDS/PAA gel onto a 0.45- 
gm nitrocellulose SSBA85 membrane (Schleicher and Schuell, Das- 
sel, Germany) in a Biorad blot apparatus at 200 mA and 100 V 
for 90 min in a blotting buffer containing 20% (v/v) methanol/ 
50 mM TRIS/glycine, pH 8.0. 
Blots were blocked by overnight incubation in 2% BSA (Frac- 
tion V; Sigma, Axel, Belgium) in PBS-Tween-20 (0.1%) at 4~ 
and 20-min incubation in 1% normal goat serum (Amersham Inter- 
national, UK) in PBS-Tween-20 at room temperature. Subsequent- 
ly, the blots were incubated with a 20 times diluted supernatant 
of an HNK-I  hybridoma culture for 45 min at room temperature. 
Alkaline phosphatase-conjugated goat-anti-mouse immunoglobu- 
lin IgM F(ab)2, (Tago, Burlingame, USA), in a dilution of 1 : 10000 
in PBS-Tween-20, was used as second step antibody (incubation 
45 min at room temperature). Between each incubation step, the 
blots were rinsed five times with 50ml PBS-Tween-20 (0.1%). 
Phosphatases were visualized with a protocol from Blake and co- 
workers (1984). For control immunoblots we used the medium 
from the culture of the HNK-I  hybridoma cells. All other steps 
were identical. The two-dimensional gel-electrophoresis and the 
subsequent HNK-1 immunoblotting were performed as previously 
described (Luider et al. 1992). 
Fig. 2a, b 
Fig. 3a, b 
Results 
HNK-1 immunoreactivity in different 
developmental stages of the heart 
At stage HH 14, HNK-1 immunoreactivity was observed 
lateral from the dorsal aorta, and in the pharyngeal arch 
mesenchyme. In the lateral wall of the sinus venosus 
HNK-1 positivity was observed, but the walls of the 
primitive atrium, the ventricle and the outflow tract did 
not contain any HNK-1 labelling (Fig. 1 a). This obser- 
vation is in agreement with the data of Noden (1991), 
who found that neural crest cells at stage HH 15 have 
not yet reached the heart. 
At HH 17 through HH 21 the wall of the sinus veno- 
sus contained HNK-l-posit ive cells, and from HH19 on- 
wards the atrioventricular endocardial cushions were la- 
belled with HNK- I  (Fig. 1 b, c). In the outflow tract 
HNK-1 antigens were observed in the cardiac jelly of 
the cushions and on one side of the myocardium, the 
inner curvature of the heart tube. 
At E3, HNK-1 immunoreactivity is present in the 
endocardial cushions just below the endocardium. These 
are seen at the atrioventricular junction and in the out- 
flow tract. At this stage HNK-l-posit ive endocardial 
cells were also observed in the endocardium of the primi- 
tive ventricle (Fig. 2 a). 
After E3 the HNK-1 immunoreactivity increased in 
the heart. Large numbers of HNK-l-posit ive cells were 
found in both the atrioventricular nd the outflow tract 
endocardial cushions. At E4 (Fig. 2b) HNK-1 antigens 
were also observed in the endocardium of the inflow 
tract region and in the endocardial cushions of the out- 
flow tract. At this stage both the endocardium and myo- 
cardium of the ventricle have become HNK- I  negative. 
At E5, the immunohistological results were similar 
to those at E4 and are, therefore not separately shown. 
The endocardial cushions contained approximately the 
same quantity of cells per surface unit as at E4, but 
not every cell was HNK- I  positive. This endocardial 
staining pattern was also observed at E6. 
At E6, HNK-1 positivity was furthermore observed 
in a narrow band with a diameter of about 50 lain in 
the myocardium of the interventricular septum, extend- 
Fig. 2a, b. HNK-1 immunoreactivity n the endocardial cushions 
at E3 (a), and E4 (b). At E3 HNK-I expression can also be observed 
in the endocardium of the ventricle. Note the differences in the 
staining of the endocardial cells covering the cushions and those 
related to the myocardium inatrium and ventricle. At E4, addition- 
al HNK-I immunoreactivity can be seen in the inflow tract and 
in the outflow tract, e, endocardial lining; ec, endocardial cushions; 
f, foregut pockets; m, myocardium; o,outflow tract; p, pericardial 
cavity; su, atrioventricular sulcus; v, ventricle 
Fig. 3a, b. HNK-1 immunoreactivity n sagittal sections through 
an E6 heart. The compact outer layer of the myocardium of the 
ventricle and the atrium is HNK-1 immunoreactive (a), whereas 
in the more lateral section (b), it was HNK-1 negative, a, atrium; 
tr, trabeculated myocardium; ec, endocardial cushions; lb, left bun- 
dle branch; or, outflow ridge; rb, right bundle branch; se, septum 
311 
ing to the lateral myocardium (Fig. 3). This staining pat- 
tern is only observed at E6; at ES, for instance, the 
myocardium of the ventricle no longer contains HNK- I  
antigens (Fig. 4 a). 
At E9 the neurons and supportive cells of the subepi- 
cardial peripheral nervous ystem of the heart (including 
the vagus nerve) have differentiated and bind the HNK-  
1 monoclonal antibody. This is shown in Fig. 4b, in 
which the branches of the vagus nerve are clearly labelled 
at the arterial pole. Furthermore some HNK-1 immuno- 
reactivity was observed in the primordial semilunar 
valves. The aorticopulmonary septum was labelled with 
the HNK-1 antibody (not shown). 
At El0 the autonomic nerve bundles of the heart and 
the semilunar as well as the atrioventricular valves con- 
tained HNK-1 immunoreactivity. Cardiac conducting 
cells of the atrioventricular ring were labelled with 
HNK- I  at the level of the atrioventricular valves, while 
the endocardium of the atria was also HNK-1 positive. 
At E14, the autonomic nerve bundles in the wall of 
the ventricles were HNK- I  positive (results not shown). 
Furthermore HNK-1 positivity was observed in the 
semilunar (Fig. 5) and atrioventricular valves, as well 
as in the attachment site of the valves. In the valves 
HNK-l-positive cells were seen, but at the attachment 
side of the valves the staining was extracellular. The 
cardiac conducting cells were detected at the level of 
the atrioventricular valves in the atrioventricular septum 
(not shown). 
In Table i we have briefly summarized the immuno- 
histological data. For practical reasons we distinguish 
four classes of HNK-l-posit ive structures: (1) structures 
with contribution of the cardiac neural crest that do 
not differentiate into neuronal tissue (Class 1) ; (2) neural 
crest-derived tissues that differentiate into neuronal tis- 
sue (Class 2); (3) tissue structures that are HNK-1 posi- 
tive before neural crest cells could possibly colonize them 
(Class 3); (3) tissue structures which are not known to 
be colonized by cardiac neural crest cells (Class 4). We 
have determined the neuronal characteristics by mor- 
phology, histological topology and the use of neuron- 
specific antibodies (manuscript in preparation). 
HNK-1 antigen analysis of different developmental 
stages of the heart 
In total protein extract of E2 heart, four HNK-l-carry- 
ing glycoproteins were visible (240, 100, 76, 74 kDa) at 
low intensity (Fig. 6; indicated by crosses, respectively). 
From E4 onwards at least eight major high-molecular- 
mass proteins: 200, 200, 165, 140, 120, 110, 100, and 
80 x 103 were present (indicated by crosses, respectively). 
Additional HNK-l-posit ive proteins were present at E4: 
206 kD, and at E6:155 kD (indicated by asterisks) coin- 
ciding with the strong HNK- I  immunoreactivity in the 
endocardial cushions and the developing conduction sys- 
tem in the interventricular septum. 
We determined whether the eight major HNK-l-posi-  
tive proteins observed from E4 onwards were plasma 
Fig. 4a, b 
Fig. 4. a Detail of an E8 ventricle. No HNK-1 positi- 
vity was observed in the myocardium, b Thearterial 
pole of an E9 embryo. HNK-l-positive branches of the 
vagus nerve are observed in the connective tissue out-
side the great arteries, ap, arterial pole; g, gut; nv, va- 
gus nerve; ns, sympathetic chain 
Fig. 5. Transverse section through the semilunar valves 
of an E14 embryo. Three types of HNK-1 expression 
are observed: (1) HNK-l-positive cells in the valves; (2) 
reactivity of the extracellular matrix at the attachment 
of the valves; (3) diffuse labelling of the myocardial 
cells that will form the developing bundle of His. ao, 
aorta; s, semilunar valves; pu, pulmonary artery 
Fig. 5 
membrane bound, and compared ay E6 with day E9 
heart plasma membranes (Fig. 7). Five of the HNK-1- 
carrying proteins from the basic pattern were present 
in the membrane fraction (200, 165, 120, 110, and 
80 kD; indicated by 1, 2, 3, 4, 5, respectively) and the 
other three (240, 140, 100) are not membrane associated. 
In addition, proteins were observed which specifically 
co-purify at E6 (85 kD; indicated as 6) and at E9 
(135 kD; indicated as 7). The intensity of the different 
HNK-1 antigens at these two developmental stages var- 
ied considerably. 
The pattern of HNK-l-carrying proteins from E4 on- 
wards remained the same in the adult heart. Five of 
the HNK-l-posit ive proteins, present during embryonic 
development of the heart, were also expressed in the 
adult heart. 
Proteins of approximately 200, 100, 80, 65, 50, and 
40 kDa (indicated as 1, 2, 3, 4, 5, respectively) were de- 
tected on immunoblot of a two-dimensional gel electro- 
phoresis of plasma membranes of adult chicken heart 
(Fig. 8 a). 
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Table 1. Spatio-temporal HNK-t reactivity in diverse mbryonic tissue structures 
Tissue/stage HH15 HH17 HH19 HH21 E4 E5 E6 E8 E9 El0 E14 Class 
Sinus venosus + + + + 4 
Sinoatrial junction + + + + + + + 4 
Endocardium ofatria ( + ) ( + ) (+) 4 
Endocardial AV cushions + + + + + + + 4 
Atrio-ventricular valves (+) + + 4 
Outflow cushions + + + + + + (+) 1,3 
Semilunar valves + + + 1 
Myocardium of ventricle (+) (+) (+) 4 
Autonomous nervous ystem + + + + + 2 
Conduction system (+) + + + + + 4 a 
The HNK-1 immunoreactivity is divided into four classes. The 
first class (1) corresponds tostructures that are derived from neural 
crest cells as determined in quail/chick chimeras, and that do not 
differentiate into neuronal tissue; the second class (2) corresponds 
to structures that are neural crest-derived and that differentiate 
into neuronal tissue; the third class (3) corresponds to tissue sites 
that are HNK-I positive before n ural crest cells arrive; the fourth 
class (4) corresponds to HNK-l-positive structures that are not 
known to be neural crest-derived and that do not correlate with 
future cardiac neural crest colonization. The absence of a plus 
sign in the table means either the absence of HNK-1 immunoreac- 
tivity or the absence of this specific tissue during a particular 
stage(s). 
a According to Gorza et al. (1988) and Filogamo et al. (1990) this 
should be classified as 2 
Fig. 6. HNK-1 immunoblot of different developmental stages of 
the embryonic chick heart. Lane M is the molecular weight marker, 
the relative molecular masses are indicated at the left. The lanes 
1-7 are the different developmental stages, respectively: E2, E4, 
E6, E8, El0, E12, and E14. Lane B is incubated with control 
medium. At E2 the four HNK-1 antigens are indicated by crosses 
and the constant pattern of HNK-1 antigens i indicated with cross- 
es at E6. At E4 and E6 two stage-specific antigens are indicated 
with asterisks 
Fig. 7. HNK-1 immunoblot of plasma membranes of the heart 
of stages E6 (lane 1) and E9 (lane 2). The relative molecular masses 
are indicated at the left. Control immunoblots showed no bands. 
The constant pattern of HNK-I antigens i  indicated by 1, 2, 3, 
4, and 5. At E6 and E9 two proteins co-purify; they are indicated 
6 and 7 
Discussion 
The outflow and atrioventricular endocardial cushions 
are HNK-1 positive before stage HH 19 
In quail/chick chimeras Kirby et al. (1983) and Sumida 
et al. (1989) described quail cells in the aort ic-pulmonary 
septum as early as stage HH19. Laane and Roest-Wa- 
genaar (1981) and Bartelings and Gittenberger-de Groot  
(1991a, b) described for four species the extent of this 
septum, even below the semilunar valve level into the 
distal outf low trace endocardial  ridges. Al though the 
neural crest cells might also reach the more proximal 
part of the outflow ridges, there is no evidence for such 
a process. Unt i l  now it has been assumed that the neural 
crest cells do not reach the atrioventricular cushions 
(Kirby et al. 1983). 
Our objective was to investigate whether HNK-1-pos-  
itive cells and HNK-1 antigens are correlated with the 
homing of neural  crest cells in the heart. In a previous 
study we found that in the developing avian hindgut, 
HNK- l -pos i t ive  antigens are present before the arrival 
of neural crest cells. These HNK-1 antigens are probably 
involved in the neural crest cell homing of the developing 
gut (Luider et al. 1992) and clearly show that HNK-1 
antigens are not strictly specific for neural  crest cells. 
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immunoreactivity is due only to the presence of neural 
crest cells, or originates also from the outflow endocar- 
dial cushion mesenchymal cells themselves. We suggest 
that a very close timing exists between the endogenous 
HNK-I  expression in the mesenchymal cells of the out- 
flow endocardial cushions and the supposed arrival of 
HNK-l-positive neural crest cells. 
Cardiac neural crest cells are known to migrate to- 
wards the heart from the pharyngeal arch arteries into 
the aortic sac down to approximately the semilunar 
valve level. It still remains to be confirmed whether other 
segments of the heart, such as the proximal part of the 
outflow ridges and atrio-ventricular cushions, contain 
substantial quantities of neural crest-derived cells. We 
observed that the expression of HNK-1 antigens tarted 
first in the sinus venosus. Later it was present in the 
endocardial cushions of both the atrioventricular canal 
and outflow tract. As there is no evidence that neural 
crest cells colonize other parts of the heart, the assump- 
tion that HNK-1 antigens function as a scaffold for mi- 
grating cardiac neural crest cells has still to be substan- 
tiated. 
Fig. 8 a, b. The 2-D electrophoresis of plasma membranes of adult 
chicken hearts. Blot labelled with the monoclonal antibody HNK-1 
(a), and protein staining with amido black (b). The relative molecu- 
lar masses are indicated t the right. The basic pattern of HNK-1- 
positive proteins expressed from E6 onwards is indicated with 
numbers (1 = 200, 2 = 100, 3 = 80, 4 = 50, 5 = 40 x 103). The isoelec- 
tric focusing range was determined by Carbamolyte markers (Phar- 
macia) 
We can relate HNK- I  immunoreactivity in the develop- 
ing avian heart to the presence of quail neural crest cells 
in the developing heart of chick quail chimeras, as de- 
scribed in the literature. We found that HNK- I  immuno- 
reactivity is present in the endocardial outflow and atrio- 
ventricular cushions (HH 19) before cardiac neural crest 
cells reach the outflow tract. Noden (1991) determined 
that neural crest cells reach the level of he outflow tract 
of the heart at stage HH 17 19 in quail-chick chimeras. 
In these stages no quail neural crest cells were observed 
in the AV endocardial cushions. We found that the endo- 
cardial cushions as well as their mesenchymal cells in 
the outflow tract are HNK-1 positive from stages HH 
18-19 onwards, but we cannot determine if this HNK-1 
Discrimination of four classes 
of liNK-1 immunoreactivity 
We distinguished four classes of HNK-1 immunoreactiv- 
ity during heart development. The first includes HNK- I  
immunoreactivity present in structures that are known 
from ablation and chimaera experiments to be related 
to the neural crest (Kirby 1989; Sumida et al. 1989; No- 
den 1991), but which do not differentiate into neurons. 
We observed HNK-l-positive staining in the following 
neural crest-related tissues: the primordia of the semi- 
lunar valve leaflets, the aorticopulmonary septum, and 
possibly in the distal part of the outflow tract cushions. 
The second class of HNK-1 immunoreactivity is that 
found in neural crest-related cells that have differentiat- 
ed into neuronal cells. HNK- I  antigens were observed 
in the sympathetic ganglia from E9 onwards. Kirby and 
Stewart (1983) have shown that in quail/chick chimeras 
the cardiac ganglia originate from neural crest adjacent 
to somites 1-3, although the nodose placode is also in- 
volved in the formation of the autonomous innervation 
of the heart). At E7 they observed clusters of quail cells 
that later become the cardiac ganglia, and at E9 these 
ganglia were formed. 
The third class of HNK-1 immunoreactivity s present 
at sites that are possibly colonized by neural crest cells. 
We observed that the outflow endocardial cushions are 
HNK-I  positive before cardiac neural crest cells are sup- 
posed to reach these structures. 
The fourth class of HNK-1 immunoreactivity is to 
our knowledge not related to neural crest cells, neural 
crest derivatives, or their future endocardial or myocar- 
dial binding sites. At stage HH 15 through 21, we ob- 
served HNK-l-positive cells in the wall of the sinus ven- 
osus, which is not related to the neural crest, as shown 
by chimera experiments and other tracing techniques. 
At E3 the endocardium is HNK-1 positive. This tissue 
does not contain quail neural crest cells in quail/chick 
chimeras (Kirby and Stewart 1983; Noden 1991). Endo- 
cardial cells share an important characteristic with neu- 
ral crest cells, in that both cells can transform into me- 
senchymal cells with migrating capacities (Noden 1991; 
Crossin and Hoffman 1991). 
At E6 we observed a narrow band of HNK-1 immu- 
noreactivity in the myocardium of the ventricle, and then 
at E8 this HNK-l -posit ive band was observed at the 
atrioventricular junction. The HNK-1 antibodies label 
the atrioventricular bundle from the level of the atrio- 
ventricular valves to halfway along the interventricular 
spectum. It has been suggested that the specialized cardi- 
ac muscle cells of the conduction system originate from 
mesodermic precursors (Viragh and Challice 1983). The 
primordium of the bundle of His and its branches, in- 
cluding the Purkinje fibres, are thought o originate from 
myocytes, and to develop in the bulboventricular ring 
of the primitive heart tube (Davies et al. 1983). However, 
a few investigators (Gorza et al. 1988; Filogamo et al. 
1990) claim that cardiac conducting cells originate from 
the neural crest. 
From El0 onwards the myocardial cells express 
HNK- I ,  and at E l4 HNK-1 antigens are observed in 
the extracellular matrix of the myocardial base of all 
valves. The valves contain tenascin (Garcia-Martinez 
et al. 1990), which is a HNK- l -containing extracellular 
matrix molecule. The relative molecular masses of chick 
tenascin subunits have been calculated from the amino 
acid sequences to be 280, 200, and 170 kDa (Chiquet- 
Erismann 1990). We observed HNK- l -carry ing proteins 
at 200 and 165 kDa on immunoblot. So, the immunohis- 
tochemical staining pattern we observe in the myocardial 
base of the valves could very well reflect tenascin, pro- 
viding a good environment for migrating cells (Chiquet- 
Erismann 1990). 
Characterization f HNK-1 antigens 
The results of immunoblots, and those of immuno- 
stained sections can be correlated. At E2 a few HNK-1-  
bearing proteins were present on immunoblot. The im- 
munostained sections at stage HH 15 (~ E2) were HNK-  
1 negative in the heart, except for the sinus venosus. 
From E4 onwards, there was a more complex pattern 
of HNK-1 antigens, changing considerably until E6, 
when HNK- I  positivity was observed in the myocar- 
dium of the ventricle in the immunostained sections, 
while an additional 155 kDa protein was present on im- 
munoblot. After E6, a more or less constant composition 
of HNK- I  antigens was observed both on the immuno- 
stained sections and on the immunoblot. 
From HH15 to HH17 no HNK-1 labelling was ob- 
served in the outflow tract cushion of the heart. Tenas- 
cin, an extracellular adhesion molecule in the cardiac 
jelly, known to carry the HNK-1 epitope, was not de- 
tected by the HNK-1 monoclonal antibody. The outflow 
tract strongly reacted with the M1B4 monoclonal anti- 
body, an antibody specific for tenascin (Chiquet and 
Fambrough 1984). In this case, the cardiac isoforms of 
tenascin are apparently HNK-1 negative. 
315 
HNK-l-positive morphological dynamic regions 
We conclude that both neural crest-related and non-re- 
lated HNK-1 antigens are present in the developing 
heart. In general, the HNK-1 immunoreactivity is
especially seen in morphologically active regions, those 
which are subject o re-ordering of tissue in a relatively 
short period. Examples of such morphologically dynam- 
ic regions are the endocardial lining, the endocardial 
cushions, the developing conduction system and the aor- 
rico-pulmonary septum. The various HNK-1 antigens 
consist of a series of glycoproteins changing in a stage- 
dependent manner, sometimes corresponding to 
immunohistological changes. We observed a correlation 
between the future sites of neural crest cell localization 
and the presence of HNK- l -posit ive antigens. These 
HNK,1 antigens may function as target molecules in 
the various parts of the heart. The outflow tract cushions 
are possible candidates, because they are situated in the 
neighbourhood of the aortic sac and the semilunar 
valves that receive neural crest cells. Whether the atrio- 
ventricular endocardial cushions eventually also receive 
neural crest cells remains to be elucidated. 
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